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Magnetic fields play a key role in most astrophysical systems, from 
the Sun to active galactic nuclei 1 ' 2 ' 3 . They can be studied through their 
effects on atomic energy levels, which produce polarized spectral lines 4 ' 5 . 
In particular, anisotropic radiation pumping processes 6 ' 7 (which send elec- 
trons to higher atomic levels) induce population imbalances that are mod- 
ified by weak magnetic fields 8 ' 9 . Here we report peculiarly polarized light 
in the He I 10,830-A multiplet observed in a coronal filament located at 
the centre of the solar disk. We show that the polarized light arises from 
selective absorption from the ground level of the triplet system of he- 
lium, and that it implies the presence of magnetic fields of the order of 
a few gauss that are highly inclined with respect to the solar radius vec- 
tor. This disproves the common beliefB 10 ' 11 that population imbalances in 
long-lived atomic levels are insignificant in the presence of inclined fields 
with strengths in the gauss range, and demonstrates the operation of the 
ground-level Hanle effect in an astrophysical plasma. 

The Zeeman effect and optical pumping are two mechanisms capable of in- 
ducing polarization signals in the spectral lines that originate in the outer layers of 
stellar atmospheres. 

The Zeeman effect 12 requires the presence of a magnetic field, which causes 
the atomic energy levels to split into different magnetic sublevels. This splitting pro- 
duces local sources and sinks of light polarization because of the ensuing wavelength 
shifts of transitions between levels. The Zeeman effect is most sensitive in circular 



polarization, with a magnitude that scales with the ratio between the Zeeman split- 
ting and the width of the spectral line (which is very much larger than the natural 
width of the atomic levels). This so-called longitudinal Zeeman effect responds to 
the line-of-sight component of the magnetic field. In contrast, the transverse Zee- 
man effect responds to the component of the magnetic field perpendicular to the 
line of sight, but produces linear polarization signals that are normally negligible for 
magnetic strengths B < 100 gauss. 

Anisotropic radiation pumping^ produces atomic level polarization-that is, 
population imbalances and quantum interferences between the sublevels of degener- 
ate atomic levels (Fig. 1). The presence of a magnetic field is not necessary for the 
operation of such optical pumping processes, which can be particularly efficient in 
creating atomic polarization if the depolarizing rates from elastic collisions are suffi- 
ciently low. As clarified below, the mere presence of atomic polarization of the type 
illustrated in Fig. 1 implies local sources and sinks of linear polarization. The Hanle 
effectHi (Fig. 1) modifies the atomic polarization of the unmagnetized reference case, 
and gives rise to a complicated magnetic field dependence of the linear polarization of 
the scattered light, which is being increasingly applied as a diagnostic tool for weak 
magnetic fields in astrophysics. 

It is often assumed that the observable effects of atomic polarization of long- 
lived atomic levels are strongly suppressed by Hanle depolarization in the presence 
of solar magnetic fields that are highly inclined with respect to the solar radius 
and have strengths in the gauss rang Since some of the many "enigmatic" 



signals of scattering polarization that have been observed within the edge of the solar 
disc 13 ' 14 ' 15 have been shown to be due to ground state atomic polarization 16 ' 17 'S, 
and because milligauss (or weaker) magnetic fields are believed to be very rare in 
the highly conductive solar plasma, it has been concluded that the field must be 
oriented fairly close to the radial direction wherever the signatures of lower level 
atomic polarization are observed^. Although this conclusion is probably valid for 
the observations of scattering polarization in the Na I D x line§, it should not be 
generalized to all cases in which the signatures of lower-level atomic polarization 
are observed. Moreover, the observable effects of lower level atomic polarization, 
whether the Hanle effect destroys or creates linear polarization signals in spectral 
lines, depend on the scattering geometry. To clarify the situation, it is necessary to 
investigate carefully to what extent observable effects of the atomic polarization of 
long-lived atomic levels can not only survive partial Hanle destruction but even be 
enhanced by horizontal magnetic fields in the gauss range. 

Such investigations can be performed in magnetized astrophysical plasmas, 
such as those in solar prominences and filaments. Solar prominences and filaments 
are relatively cool and dense ribbons of plasma embedded in the 10 6 K solar corona. 
The ribbons are thought to be confined by the action of highly inclined magnetic 
fields with strengths in the gauss range 18 . Prominences and filaments are in fact 
the same phenomenon but observed in different circumstances. Both prominences 
and filaments absorb the photons from the underlying solar photosphere and re-emit 
them in all directions. But prominences are observed outside the visible outer edge 



of the Sun (that is, against the dark background of the sky), while filaments are the 
same types of structures observed against the bright background of the solar disk. 
Therefore, we see emission lines in prominences, but absorption lines in filaments. 

Figure 2 contrasts prominences and filaments and illustrates our theoretical 
prediction concerning the expected linear polarization of a line transition with Ji = 1 
and J u = 0, where Ji and J u are the angular momentum quantum numbers of the 
lower and upper levels, respectively. In fact, there are two key mechanisms by means 
of which atomic level polarization can generate linear polarization signals in spectral 
lines: the first is due to the emission process (that is, to the atomic polarization of 
the upper level), while the second is subtly related with the absorption process (that 
is, to the atomic polarization of the lower level). In general, the first mechanism 
(caused exclusively by the spontaneous emission events that follow the anisotropic 
radiative excitation) is the only one that is taken into account^' 19 ' The role 

played by the atomic polarization of the lower level in producing linear polarization 
via the absorption process 20 has never been considered seriously. 

We have observed the intensity and polarization of the He I 10830 A mul- 
tiplet in a variety of solar prominences and filaments using the Tenerife Infrared 
Polarimeter 21 attached to the Vacuum Tower Telescope 22 . The He I 10830 A multi- 
plet originates between a lower term (2 3 5*i) and an upper term (2 3 P 2 ,i,o)- Therefore, 
it has three spectral lines 23 : a 'blue' line at A10829.09 (with Ji = 1 and J u — 0), and 
two 'red' lines at A10830.25 (with J u = 1) and at A10830.34 (with J u = 2) which 
appear blended at the plasma temperatures of prominences and filaments. As ex- 



plained in Fig. 2 legend, detection of a significant linear polarization signal in the 
'blue' line (J/ = 1 and J u = 0) would be due to the atomic polarization of the lower 
level with J; = 1. We note that this lower level is metastable-that is, it is a relatively 
long-lived atomic level whose atomic polarization is vulnerable (via the ground level 
Hanle effect 24 '!) to magnetic fields of very low intensity (~10~ 3 gauss). 

We first consider prominences. The data points in Fig. 3 show the four Stokes 
parameters observed in a prominence. As expected from the theoretical prediction 
of Fig. 2, the 'blue' line of the He I 10830 A multiplet does not show any significant 
linear polarization, which implies that this particular prominence has a very small 
optical thickness along the line of sight. However, there are very significant Stokes 
Q and U signals around the wavelengths of the blended 'red' components. These 
linear polarization signals are the observational signature of the atomic polarization 
of the upper levels with J u = 2 and J u = 1. Note that there are sizeable circular 
polarization signals in both the 'blue' and 'red' components. They are the result of 
the longitudinal Zeeman effect. Their detection is essential for the determination of 
the intensity of the magnetic field because for fields larger than only a few gauss the 
He I 10830 A multiplet enters into the saturated Hanle effect regime for the upper 
level, where the linear polarization signals are sensitive only to the orientation of the 
magnetic field vector. 

The solid line in Fig. 3 gives the result of our theoretical modelling taking 
into account the influence of ground-level polarization. From the fit to the observation 
we infer a magnetic field of about 40 gauss, inclined at 31° to the radial direction 



through the observed point. Interestingly, the dotted line shows what happens if we 
carry out the calculation with this magnetic field vector, but assuming a completely 
unpolarized ground level. In the present prominence case, the significant difference 
with respect to the solid-line calculation is solely the result of the important feedback 
that the existing ground level polarization is producing on the atomic polarization of 
the upper levels with J u = 2 and J u — 1. We note that a magnetic field diagnostic 
of solar prominences that neglects the influence of ground-level polarization would 
imply a significant error (~10°) in the field orientation and in the magnetic strength 
(~ a few gauss). 

We now turn our attention to filaments. The data points in Fig. 4 show 
the observed Stokes parameters in a solar filament that was situated exactly at the 
centre of the solar disc on 2 June 2001. We have selected this coronal filament in 
order to demonstrate that linear polarization signals can be produced even at the 
very centre of the solar disc where we meet the forward scattering case. As seen in 
the figure, the 'blue' line now shows a very significant linear polarization signal with a 
negative Stokes Q amplitude, which is of the same order-of-magnitude as the positive 
Stokes Q amplitude observed in the 'red' blended component. The observed linear 
polarization signals are entirely due to the Hanle effect operating at disc centre. This 
can be possible only if there exists a magnetic field with a significant inclination to 
the radial direction through the observed point, otherwise the polarization at disc 
centre would be zero for reasons of symmetry. The very existence of a sizeable Stokes 
Q signal in the 'blue' line demonstrates that the 3 Si ground level is significantly 



polarized. 

The solid line in Fig. 4 shows the result of our theoretical modelling of the 
Hanle effect at disc centre taking into account the influence of ground level polariza- 
tion. From the fit to the observation we infer a magnetic field of 20 gauss, inclined by 
about 105° to the radial direction through the observed point and with a horizontal 
component at an angle of about 10° in the clockwise direction with respect to the 
axis of the filament. The agreement with the spectropolarimetric observation is re- 
markable. It demonstrates that the ground level Hanle effect is operating in the outer 
solar atmosphere, producing very significant linear polarization signals by selective 
absorption from the unevenly populated magnetic sublevels of a long-lived atomic 
level. 

Our results demonstrate that the atomic polarization of long-lived levels, 
which is induced by optical pumping processes, generates observable polarization sig- 
natures due to the highly inclined magnetic fields with strengths in the gauss range 
that are characteristic of solar prominences. Instead of destroying the atomic po- 
larization the magnetic fields via the Hanle effect produce linear polarization signals 
that are of the same order of magnitude as those caused by the atomic polarization 
of the short-lived excited states. Moreover, our results provide convincing observa- 
tional evidence of the operation of an atomic effect that may have diagnostic use in 
several astrophysical contexts. It concerns the creation of linear polarization signals 
in spectral lines induced by magnetic fields in forward scattering and by dichroism. 
These phenomena reveal unfamiliar aspects of the Hanle effect and open up a new di- 



agnostic window on the investigation of the magnetism of the outer solar atmosphere 
(chromosphere, transition region and corona). 
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Figure 1. Anisotropic radiation pumping and the Hanle effect 

An unpolarized radiation field can induce population imbalances and quan- 
tum interferences (or coherences) between the sublevels of degenerate atomic levels 
(that is, atomic polarization) if the illumination of the atomic system is anisotropic. 
For example, upper-level population pumping occurs when some upper state sublevels 
have more chances of being populated than others (case a). On the contrary, lower- 
level depopulation pumping occurs when some lower state sublevels absorb light more 
strongly than others (case b). It is also important to note that line transitions be- 
tween levels having other total angular momentum values (e.g., Ji = J u = 1 or with 
Ji — 1 and J u = 2) permit the transfer of atomic polarization between both levels via 
a process called repopulation pumping (e.g. lower-level atomic polarization can result 
simply from the spontaneous decay of a polarized upper level) . The Hanle effect is 
the modification of the atomic polarization of degenerate atomic levels caused by the 
action of a magnetic field such that its corresponding Zeeman splitting is comparable 
to the inverse lifetime (or natural width) of the degenerate atomic level under con- 
sideration. For the Hanle effect to operate, the magnetic field vector (B) has to be 
significantly inclined with respect to the symmetry axis (ft) of the pumping radia- 
tion field. The formula used to estimate the maximum magnetic field intensity B (in 
gauss) to which the Hanle effect can be sensitive is 10 6 Bg « l/tuf e , where g and tin e 
are, respectively, the Lande factor and the lifetime (in seconds) of the given atomic 
level. In a reference frame whose z-axis (that is, the quantization axis of total angular 
momentum) is parallel to the direction of the magnetic field vector, the population 



imbalances turn out to be insensitive to the magnetic field, while the coherences are 
reduced and dephased as the magnetic strength is increased. This so-called magnetic 
field reference frame is the one we have chosen here while visualizing the induced 
population imbalances for the "strong field" case (that is, the case for which the 
coherences are negligible). We note that the atomic polarization of a given atomic 
level sensitively depends on the complexity of the assumed atomic model. 



Figure 2. The solar prominence case versus the solar filament case 

In a prominence located in the plane of the sky at a given distance above 
the visible outer edge of the Sun we see the result of 90° scattering events, while in a 
filament situated exactly at the centre of the solar disc we see the result of forward- 
scattering events. This figure illustrates these two cases by considering observations 
of a magnetized plasma ribbon using polarimeters at positions "1" (the prominence 
case) and "2" (the filament case). The figure refers exclusively to the 'blue' line of the 
He I 10830 A multiplet, which is a line transition with J\ = 1 and J u = 0. Since the 
upper level cannot carry any atomic polarization, the spontaneously emitted radiation 
which follows the anisotropic radiative excitation is virtually unpolarized. For this 
reason, the observer at position "1" sees that the fluorescently scattered beam is 
unpolarized. However, if the lower level is polarized as indicated in the inset, then the 
transmitted beam seen by the observer at position "2" will have an excess of linear 
polarization perpendicular to the direction of the horizontal magnetic field, simply 
because the AM = 0, or ir transitions, absorb more efficiently than the AM = ±1, or 
o transitions. This selective absorption mechanism^ is called dichroism because the 
plasma is behaving as a dichroic medium (that is, the absorption coefficient in the line 
transition depends on the polarization of the radiation). We note that repopulation 
pumping plays a crucial role in polarizing the ground level of the triplet system of He I, 
since our calculations are based on a realistic multiterm atomic model and not on the 
two-level model atom considered in Figure 1. This is why the lower-level polarization 
shown in the inset is different from Fig. lb. So for 1— >0— >1 scattering processes we 



expect to observe virtually zero linear polarization in optically thin prominences, but 
a sizeable linear polarization signal in filaments if a significant amount of lower-level 
atomic polarization is present. 



Figure 3. Prominence case: observation versus theory 

Spectropolarimetric observation of a solar prominence (circles) versus theo- 
retical modelling taking into account the influence of ground level atomic polarization 
(solid line) or neglecting it (dotted line). Our modelling assumes that the He I atoms, 
lying at a given height (h) above the solar photosphere, are illuminated by an unpo- 
larized and spectrally flat radiation field. It is based on the quantum theory of the 
generation and transfer of polarized radiation 25 ' 26 , which we have applied describ- 
ing the He I atoms in the incomplete Paschen-Back effect regime 27 . The Stokes / 
parameter quantifies the total intensity of the observed light, the Stokes Q and U 
parameters represent the degree of linear polarization along two reference axis that 
form an angle of 45° between them, while Stokes V quantifies the degree of circular 
polarization 28 . The observed prominence region had a projected height on the plane 
of the sky of 20" over the visible edge of the solar disc (that is, h ~ 15000 km). The fit 
to the observations was done assuming a magnetic field vector with intensity B = 40 
gauss, inclination 9 B = 31°, and azimuth xb = 176°. Note that A = 10829.09 A is 
the line centre wavelength of the 'blue' component of the He I 10830 A multiplet. 
The positive reference direction for Stokes Q is perpendicular to the radial direction 
through the observed point. The Stokes profiles are normalized to the maximum 
line-core intensity of the 'red' emission line. We point out that for this particular 
geometry of scattering, the determination of the magnetic field is ambiguous. The 
alternative determination B = 40 gauss, 6' B = 180° -0 B = 149°, x'b = -Xb = -176°, 
gives the same theoretical curve. 



Figure 4. Filament case: observation versus theory 

Spectropolarimetric observation of a solar filament located at the disc-centre 
(circles) versus theoretical modelling taking into account the influence of ground- 
level atomic polarization (solid line) or neglecting it (dotted line). Our choice for 
the positive reference direction of the observed Stokes Q parameter is the one which 
minimizes Stokes U. The solid-line fit has been achieved assuming B = 20 gauss, 
# B = 105° and a height h = 40" (that is, about 30000 km) above the visible solar 
surface. The positive reference direction for the theoretical Stokes Q profile is par- 
allel to the projection of the magnetic field vector on the solar surface. Therefore, 
negative Stokes Q values indicate that the linear polarization of the observed beam 
is perpendicular to the magnetic field of the filament plasma, as illustrated in Fig. 
2. The dotted line neglects the influence of ground level polarization, but takes into 
account the (negligible) contribution of the transverse Zeeman effect. The Stokes / 
profile is normalized to the local continuum intensity, while Stokes Q, U and V are 
normalized to the maximum line-core depression (from the continuum level) of the 
Stokes I profile of the 'red' absorption line. The weakness of the Stokes V signal, 
which is caused by the longitudinal Zeeman effect, arises because the magnetic field 
vector is almost parallel to the solar surface. Finally, note that, for the particular 
geometry of this observation, an ambiguity of 180° is present in the determination of 
the azimuth of the magnetic field vector. 
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